0.25-10 mM. As described previously (Dodge and Ra-
Ca
2ϩ concentrations. The (ϩ/ϩ) junction ( Figure 1F ) exhibited PPF of approximately 20% at Ca 2ϩ levels ranging from 0.5-4 mM with lesser facilitation as Ca 2ϩ concentrations rose further. The NCAM-deficient junction ( Figure  1G ) showed facilitation only at low Ca 2ϩ levels, as previously described (Rafuse et al., 2000) . However, at in vivo Ca 2ϩ levels (2 mM) and higher, these junctions did not exhibit facilitation.
To further characterize release parameters, we estimated the probability of release by variance-mean analysis (Clemens and Silver, 2000); at in vivo Ca 2ϩ levels, (ϩ/ϩ) and (Ϫ/Ϫ) NMJs displayed release probabilities of 0.34 and 0.72, respectively. Another striking finding was that (Ϫ/Ϫ) NMJs did not appear to follow typical binomial statistics. Thus, at low levels of Ca 2ϩ (i.e., 0.25-0.5 mM), wild-type junctions had low mean quantal contents and exhibited the expected number of failures based on binomial statistics ( Figure 1B ). In contrast, although (Ϫ/Ϫ) NMJs also had mean quantal contents of less than 2 at these Ca 2ϩ levels, they exhibited almost no failures ( Figure 1C ). which appeared to represent current derived from the presynaptic action potential as these peaks did not fail even at high repetition rates. In contrast, a subsequent hamimoff, 1967), we found that for the (ϩ/ϩ) NMJ ( Figure  1D ), the EPP amplitude continually increased as Ca 2ϩ peak (4, expanded time scale trace, left) occurred with a delay, and failed periodically (expanded time scale levels rose between 0.25 and 10 mM. In contrast, at NCAM (Ϫ/Ϫ) NMJs (Figure 1E ), the EPP amplitude was trace, right), similar to the pattern of transmission failure of intracellularly recorded EPPs. Since this peak failed relatively insensitive to Ca 2ϩ levels between 0.25 and 1 mM, but then rose rapidly to reach a near maximal value intermittently with no changes in peaks 2 and 3, we suggest that the transmission failures were not due to at the in vivo level of 2 mM; increasing Ca 2ϩ beyond this did not result in appreciably more transmitter release.
NCAM Null Junctions Are Unable to Maintain Effective Transmitter Output with Repetitive Stimuli
failure of the action potential to invade the nerve terminal. We propose instead that NCAM (Ϫ/Ϫ) NMJs are We also calculated paired pulse facilitation from the ratio of the first to the second response at each of the unable to dock and/or release sufficient vesicles at high stimulus repetition rates, possibly due to defects in cent, and thus can be used to estimate the relative size of the total pool of releasable vesicles (Reid et al., 1999). docking and release machinery or in the mobilization of vesicles. In addition, the pool of releasable vesicles Maximal FM1-43 labeling of both (ϩ/ϩ) and (Ϫ/Ϫ) junctions was obtained by stimulating at 10 Hz for 10 min, might be smaller than in (ϩ/ϩ) NMJs. We therefore characterized synaptic vesicle dynamics using the styryl dye at which point both had reached steady-state plateaus. (Dai and Peng, 1996) . This stimulus-dependent staining of the nerve was blocked by prior siderably more rapidly than (ϩ/ϩ) NMJs; they also loaded more rapidly ( Figure 3D) . incubation of the preparation with 10 g/ml BFA. A typical dye uptake experiment at a (Ϫ/Ϫ) NMJ is Although the (Ϫ/Ϫ) NMJs had a higher mean quantal content, due to their synaptic depression and intermitshown in Figure 4C . The endplate in panel (a) was stained with mAb 35 to visualize postsynaptic ACh retent complete transmission failures, these NMJs should destain more slowly than (ϩ/ϩ) NMJs. More rapid deceptors. With stimulation at 10 Hz, FM1-43 staining increased, reaching a plateau (g). The mean pixel intensity staining might occur, however, if vesicles were being exocytosed from all portions of the nerve terminal, even of this junction during the experiment is shown in Figure  4D . Loading also occurred in the nerve and the focus regions not opposed to the muscle membrane. Quanta of transmitter released from these sites would not be To determine which Ca 2ϩ channels were responsible NMJs could also be occurring along regions of the nerve for the vesicle exo-endocytosis visualized with FM1-43, terminal not in direct contact with muscle fiber memthe ability of these same channel blockers to interfere brane (i.e., the upper surface), thus accounting for the with the loading of FM1-43 was assessed at (ϩ/ϩ) and rapid loss of dye at these NMJs. If this occurred via the (Ϫ/Ϫ) NMJs stimulated at 10 Hz. At (ϩ/ϩ) NMJs, immature cycling mechanism, it should be blocked by -agatoxin TK blocked most of the loading, while nifedi-BFA. In fact, we observed that although BFA had no pine had no effect ( Figure 5B, top) . Thus, consistent with effect on the loading of vesicles at (ϩ/ϩ) NMJs, in (Ϫ/Ϫ) transmitter release measured electrically, Ca 2ϩ entering NMJs, loading was reduced significantly to only 27% of through P/Q-type channels is responsible for most of that in the absence of BFA ( Figure 4G ). This suggests the vesicle cycling visualized by FM1-43. In contrast, at that a large fraction of the vesicles loaded in (Ϫ/Ϫ) NMJs (Ϫ/Ϫ) NMJs, 1 M -agatoxin TK blocked only 20% of occurs via a BFA-sensitive, and therefore immature, vesthe FM1-43 uptake, and nifedipine (50 M) alone icle cycling process. In contrast, when vesicles at (Ϫ/Ϫ) blocked 80%. FM1-43 uptake was completely blocked NMJs were loaded first and then incubated with BFA, only when nifedipine and -agatoxin TK were applied the dye could be completely released (data not shown).
simultaneously. These observations indicate that the Therefore, BFA does not appear to affect the release of vesicle pools associated with either P/Q-or L-type Ca 2ϩ vesicles once they are loaded. channels are functionally separate and appear not to Thus, while the total vesicle pool at (ϩ/ϩ) NMJs is interchange. To more directly test this hypothesis, we insensitive to BFA, approximately 75% of the vesicle loaded vesicles via the mature mechanism (i.e., in the pool in (Ϫ/Ϫ) NMJs is BFA sensitive, and is likely to presence of nifedipine which blocks the immature cyrepresent the immature cycling mechanism. Another cling mechanism). After washing out nifedipine, we atportion is BFA insensitive, suggesting the coexistence tempted to release these vesicles via the immature cyof both mature and immature release mechanisms at cling mechanism (i.e., by stimulating in the presence of (Ϫ/Ϫ) NMJs. The presence of a mature release mecha--agatoxin TK which blocks P/Q-type channels and thus nism at (Ϫ/Ϫ) NMJs can also be deduced by the fact the mature release process). However, such vesicles that BFA did not block transmission assessed electriwere unable to be released with final mean pixel intensity cally (see Figure 6B for an example). Taken together, values of 92% Ϯ 0.2% (n ϭ 18) of the dye originally these observations strongly suggest that vesicle cycling loaded. at (Ϫ/Ϫ) NMJs is occurring from regions of nerve termiThese observations also indicate that the immature, nal membrane not in direct contact with muscle. If loss BFA-sensitive cycling mechanism uses L-type Ca 2ϩ of FM1-43 via this immature cycling mechanism is at channels while the BFA-insensitive mechanism uses least in part the reason for the more rapid destaining of P/Q-type channels. We confirmed the latter by demon-(Ϫ/Ϫ) NMJs, destaining should be slowed when this strating that after application of BFA to block the immamechanism is blocked. When we loaded (Ϫ/Ϫ) NMJs ture cycling mechanism, all of the remaining FM1-43 with FM1-43 in the presence of BFA, thus staining excluuptake was blocked by -agatoxin TK. Since the two sively vesicles via the mature mechanism, the time to release mechanisms use different pools of synaptic vesidestain was slowed from 115.1 Ϯ 15.4 s (vesicle loading cles that exchange slowly if at all, given that the total without BFA; n ϭ 4) to 243.0 Ϯ 15.6 s (vesicle loading pool size of (ϩ/ϩ) and (Ϫ/Ϫ) NMJs appears similar, the with BFA; n ϭ 9). pool available to the mature release mechanism at (Ϫ/Ϫ) NMJs is considerably smaller than at (ϩ/ϩ) junctions.
The Immature Transmitter Release Machinery at
To confirm the composition of Ca 2ϩ channel subunits NCAM-Deficient NMJs Utilizes Different Ca channels; left). Following contact with a muscle fiber, the immature release along the nerve disappears and is replaced by mature release machinery resistant to brefeldin A and utilizing P/Q-type Ca 2ϩ channels selectively targeted to presynaptic active zones in contact with muscle membrane (middle). In NCAM (Ϫ/Ϫ) mice, a mature release machinery is for the most part similarly targeted, accounting for the transmission measured electrically. However, the more diffuse immunolocalization of P/Q-type channels as well as our observation that some FM1-43 uptake still occurred in the preterminal axon immediately adjacent to the NMJ suggest that P/Q channels and the mature transmitter release process may not be as precisely localized as in (ϩ/ϩ) NMJs. In addition, the immature release machinery persists along the preterminal axon and upper portion of the presynaptic terminal (i.e., the portion not in direct contact with muscle) resulting in coexistence of immature and mature vesicle release systems (right). However, based on electrophysiological evidence, release via the immature mechanism appears to be excluded from the presynaptic membrane that is in contact with muscle. ever, it almost totally blocked FM1-43 loading via the However, whether this immature cycling is BFA dependent and utilizes L-type channels remains to be deterimmature mechanism and it is thus possible that BFA has some additional effect on endocytosis in this mined. Since L-type channel blockers or BFA do not block system. Nevertheless, by using BFA to operationally distintransmission at (Ϫ/Ϫ) NMJs, we propose that the immature release process is restricted to portions of the preguish between the mature and immature release, we have shown that an immature, BFA-sensitive vesicle synaptic membrane not in direct contact with muscle ( Figure 7C ). If transmitter release were occurring in recycling mechanism is maintained in adult NCAM (Ϫ/Ϫ) axons and that it utilizes Ca 2ϩ entering through L-type gions overlying muscle, we should detect it with electrical recordings. Similarly L-type channels must either be channels. L-type channels also contribute to transmission at regenerating mouse NMJs (Katz et al., 1996) . excluded from regions overlying muscle, or, if present, are not effectively coupled to transmitter release maTaken together, our data strongly suggest that a BFAsensitive, immature cycling mechanism that uses L-type chinery. The faster cycling of synaptic vesicles visualized with FM1-43 appears to be a consequence of the Ca 2ϩ channels is retained in the terminal, where it accounts for approximately 75% of the vesicles labeled immature release process, since when this was blocked with BFA, destaining was slowed significantly. with FM1-43. Our proposal that NCAM (Ϫ/Ϫ) NMJs abnormally retain an immature vesicle cycling mechanism Interestingly, (Ϫ/Ϫ) NMJs also contain a mature release mechanism that uses P/Q-type channels similar is primarily based on the immature mechanism described in Xenopus NMJs in culture. We have recently to that previously described at rodent NMJs ( The absence of PPF at (Ϫ/Ϫ) NMJs appears at least in part due to the fact that the probability of release is cycling (BFA) and mobilization (activation of PKC), diminished such failures make this possibility unlikely.
close to maximum at these junctions. 
